Here we compare several methods for predicting oligonucleotide frequencies in 392 kb of yeast DNA. As in previous work on E^ col i. a relatively simple equation based on tetranucleotide frequencies can be used in predicting the frequencies of longer oligonucleotides. For example, the mean of observed/expected abundances of 4,096 hexamers was 1.00 with a sample standard deviation of .18. This simple predictor arises by considering each base on the sense strand of yeast to depend only on the three bases 5' to it (a 3rd order Markov chain) and is more accurate in estimating ol igonucleotide frequenciei than other statistical methods examined. This equation is useful in predicting restriction enzyme fragment sizes, selecting restriction enzymes that cut preferentially in coding vs noncoding regions, and in constructing detailed physical maps of whole genomes. When ranked highest to lowest abundance, the observed frequencies of oligomers of a given length (up to 6 bases) are closely tracked by the predicted abundances of a 3rd or 4th order Markov chain. These ordered abundance curves have a power curve shape with a broad linear range with a sharp break at the top end of the curve. There is also a strong disparity between the most and least abundant oligomer with for example a 79-fold variation between the most and least abundant hexamer. The curves reveal a strong dependence of oligomer frequencies on base composition. Unlike E^ Coli. there is no sharp downturn at the low end of the curves and hence, no class of oligomers rare relative to other oligomers of the same length.
INTRODUCTION
Major efforts are underway to construct physical maps of whole genomes (1-6) using restriction enzymes, giving immediate access to any DNA segment that can be defined genetically. As an aid in generating such physical maps, it is useful to develop statistical methods for analyzing a genome's oligonucleotide composition (7, 8) . Such methods can: (i) quite accurately estimate average spacing between most restriction sites; (ii) control the accuracy and rate of progress of molecular mapping; (iii) determine the statistical significance of the similarity of two clones in an ordered clone bank; and (1v) assess the speed of different experimental genomic mapping strategies by their simulation on faithful replicas of an entire genome. The yeast genome is also well mapped genetically and relatively small in size (2 x 10 bp), and its chromosomes can be isolated by pulsed field gel electrophoresis (9) . Furthermore, the genomic map (2) for yeast will provide an unusual opportunity for testing the prediction of various statistical models for predicting its oligonucleotide composition from GenBank.
We have shown previously that a 3rd order Markov chain which uses triand tetranucleotide frequencies is a relatively accurate predictor of hexanucleotide composition of E. coli DNA (7, 8) . Sequence analysis was performed using the computer package DNASEQ (14) as described in (7). Sequences with different GenBank accession numbers were aligned head-to-tail with spaces between in order to exclude oligomers not found in the yeast genome. 01igonucleotide counts were compiled by moving a single base at a time 5 1 to 3' on the sense strand.
Statistical and Graphical Methods
Observed oligomer counts (Ob) along a nucleotide sequence were compared to predicted counts (Ex) from a Markov chain by means of a likelihood ratio 2 2 test (G ) (7), which is the sum of the squared residuals (e ), whose magnitude is large when the observed oligomer count (Ob) is far from the expected (Ex).
For example, a residual of 3 or larger in magnitude is unusual at the 0.001 significance level and is reported to the nearest integer in the tables.
Ordered abundance plots (7) were used to compare the observed and predicted counts, while complement ratio plots (7) display in part the effect of codon usage on the frequencies of oligomers (7).
The Markov Chain Method
Markov chain predictors have been applied to prokaryotic (7,8,15,16) and eukaryotic (17-19) genomes. Taking the BamHI restriction site GGATCC as an example, its frequency can be estimated by the serial application of the 0-4th order Markov chain rules (7) . A zero order Markov chain estimates the frequency of the site from base composition alone (Table 1A) by taking the product of the frequency of the individual mononucleotides p(N), where N = T, C, A, G:
Using base composition and nearest neighbor data (16), a 1st order Markov chain can be used to estimate the frequency by:
where the frequencies of the constituent overlapping dinucleotides are divided by the frequency of each shared mononucleotide. Third, if trinucleotide frequencies are known or estimated from codon usage tables, a 2nd order Markov chain using tri-and dinucleotide frequencies can be used:
where four overlapping trinucleotide frequencies were divided by the three shared dinucleotide frequencies.
A third order Markov chain requires frequencies of tri-and tetranucleotides (or 64 + 256 values) to summarize the oligonucleotide composition of a whole genome: Unlike E. coli. 1. cerevisiae has a highly A-T-rich genome (Table 1A) , and this asymmetry generates a striping of the random sequence predicted values. The "stripes" seen in Figure 1A for the zero order Markov chain values reflect the AT richness of the yeast DNA (61.5% A+T) and are discussed in more detail below.
There is more variation about the ordered abundance curves for hexamers using 1st and 2nd order Markov chain rules than is seen for 3rd or 4th order Markov chain rules. By the time a third order Markov chain is being used, the predictor [4] closely follows the ordered abundance plot. This implies that most of the variation in oligonucleotide composition occurs at a level of tetramers or lower. Although 3rd and 4th order rules are more accurate, the 1st and 2nd order rules are still substantially more accurate than a rule based solely on base composition as noted by others (17,18). Hence, the choice of order depends on the desired level of accuracy and the amount of sequence data available.
Because the 3rd order Markov chain rule is a relatively accurate predictor ( Figure ID ) of hexanucleotide frequencies, the compiled frequencies Table 1 Mono and dinucleotide frequencies ( Tables 2 and 3 for total yeast DNA to aid in estimating the frequencies of various oligonucleotides. As an example, the frequency of the s i t e for the rare-cutting r e s t r i c t i o n enzyme, NotI (GCGGCCGC), in the yeast genome is estimated by multiplying the frequencies of the 5 overlapping tetranucleotides and dividing by the frequencies of the 4 shared t r i n u c l e o t i d e s :
which equals 2.0 x 10 or an estimated fragment size of 511 kb. None of the constituent tetramers (except GCCG) or hexamers in the NotI site are over-or underrepresented in ^. cerevisiae. and so the estimate [5] should be f a i r l y accurate. Errors in these estimates are discussed in a later section. The a b i l i t y of the Markov chain predictors [1] - [4] to estimate oligonucleotide frequencies can also be quantified through the residuals. As found in E. coli ONA, 14 of the 16 dinucleotides had residuals of magnitude 3 or more (Table IB) and only two dinucleotides (CT and GC were at frequencies predicted by the random sequence predictor [ 1 ] . There was a deficit of CG commonly found in vertebrate sequences (12) with the compensating excess of TG and CA, but not as substantial as seen in higher vertebrates. Since methylation of cytosine residues is thought to be absent in S. cerevisiae AAA  TTT  ATT  AAT  GAA  TAT  AAG  CAA  ATA  AGA  TTG  TTA  TAA  TTC  TGA  TCA  CTT  ATG  AAC  GTT  ACA  TCT  GAT  CAT  TGT  ACT  ATC  TGG  CCA  TAC  GGT 
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(13), this deficiency will have to be explained by a mechanism other than the conversion of CG to TG and CA via 5-methylcytosine deamination. Corresponding data for coding sequences were virtually identical (results not shown). Table 2 lists the frequencies of trimers, and it can be seen that nearly all residuals of trimers deviated from prediction by a first order Markov chain [ 2 ] . Only 6 trimers had residuals of zero; 14 had residuals of 1 or 2 in magnitude; 11 had residuals of 3 in magnitude; and 33 had residuals greater than 3 in magnitude. However, by the tetramer level ( tetramer level. Therefore, we conclude that a third order Markov chain is an adequate but not perfect predictor of higher order oligonucleotide sequences.
Ordered Abundance Curves and Markov Predicted Values
Ordered abundance curves for 392 kb of yeast DNA are given for tetranucleotides in Figure 2 and for hexanucleotides in Figure 3 along with the ten most and least abundant oligomers. For tetramers, only those values predicted by a 2nd order rule [3] are plotted, (e.g., using tri-and dinucleotides for tetramers while for hexamers, a 3rd order rule was used). As seen before in E. coll DNA (7), both curves have the same overall curvilinear "power curve X c " shape. However, a fairly sharp break occurs at the high end of the curve followed by a broad linear range on which the majority of the oligomers are found. In contrast to E. coli DNA (7), there was no substantial downturn at the lower end of the curve.
There was also a 22-fold difference between the most (AAAA at 1.545%) and the least abundant tetramer (CGCG at 0.072%). The most abundant hexamer (TTTTTT at 0.33%) was found at a 79-fold excess over the least abundant hexamer (CCCGCG at 0.0042%).
Hence, as sequence length increases the abundance asymmetries become more exaggerated. That is, AA (11.2%), AAA (4.03%), and TTTTT (0.65%) were each the most abundant di-, tri-, and pentamers respectively; and occurred at 3.8-, 7.9-, and 59-fold excess over the least abundant SDecies of each oligomer-CG (2.96%), GCG (0.51%), and CGCGG (0.011%) respectively. This increase in disparity between the least and most abundant oligonucleotide as the length of the oligomer increases was also seen in £. coli sequences.
For d i -through hexanucleotides, the 10 most abundant oligomers were almost exclusively A-T while the 10 least abundant oligomers were almost exclusively G-C. The high abundance of (A) (T) derives from the A-T richness of the yeast genome (61.5%, Table 1 ; also see Figure 1A ), and to long homopolymeric A and T tracts in intergenic regions especially in the 5 1 flanking regions. A graphic example of the influence is shown in Figure 1A .
The predicted values of a zero order Markov chain cluster in at least 5 distinct "stripes" parallel to the x-axis reflecting the general base composition of each stripe. That is, hexamers fluctuating around 0.05% in expected frequency have a base composition of (A/T),.(G/C)j, e.g. 5 A's or T's and 1 G or C while those around 0.032% have the general base composition of (A/T) 4 (G/C).-A-T rich stripes cluster at the upper end of the curves, while G-C stripes cluster at the lower end. Such stripes were absent from a similar plots of tetranucleotides for E. col i DNA (7) where bases occur at nearly equal frequency. It is likely that genomes which are G-C or A-T rich will exhibit such stripes.
Accuracy of a Third Order Markov Chain in Predicting Hexanucieotide Frequencies
To evaluate how accurately a third order Markov chain [4] predicted hexanucleotide levels in yeast DNA (YEAST.TOT), we compared the observed frequency of 4096 hexanucleotides with those values predicted by equation [4] . A sample of these data is given in Table 4 for all 64 palindromic hexamers, most of which are restriction sites. Also the reciprocal of the observed frequencies is given as an estimate of the mean spacing in bp between sites. A mean of the ratio of Ob/Ex was 1.27 with standard deviation of 0.07 for the palindromic sequences. However, for all 4,096 hexamers in the yeast genome (YEAST.TOT), the mean of the ratio of Ob/Ex was 1.00 with sample standard deviation of 0.18. Thus, palindromes are less well predicted than nonpalindromic sequences in yeast DNA as was also true in E. coli DNA (7).
Overall, the Markov predictor is a remarkably unbiased estimate of hexamer frequencies in GenBank and potentially in the yeast genome (Figure 3) . Of 4096 hexamers, 4085 had a ratio of Ob/Ex between 0.5 and 2 which means that all but 11 hexanucleotides fell within a factor of 2 of the estimated separation of sites in kb. A 3rd order Markov chain predictor [4] appears to be, therefore, a much better predictor for yeast than for E. coli ONA (8).
One of the major applications of this predictor will be to estimate sizes of restriction enzyme fragments during cloning (6) and construction of libraries containing large DNA inserts. In this regard, the relative accuracy of the method is evidenced by the fact that 55 out of 64 (86%) hexanucleotide palindromes gave ratios of Ob/Ex between 0.5 and 2, an improvement over E. coli. This means that the 3rd order Markov chain predictor [4] is likely to predict the size of a fragment within a factor of 2, 86% of the time. The Improvement over g. coli is probably due to the absence of a class of hexamers rare relative to other hexamers, as seen from Figures 2 and 3 . Secondly, unlike E. coli. palindromes do no appear to be as underrepresented (data not shown). Figure 1A shows that one factor setting oligonucleotide levels is the asymmetric base composition of yeast DNA. Another factor which may play a role is codon usage (20). It has been argued (see 21 for review) that codon usage has evolved to produce efficient translational machinery, and there is evidence (22) in yeast and other organisms that codon usage has evolved to reflect tRNA pool abundances. Hoekema et al. (23) presented the first experimental evidence in a eukaryote that biased codon usage may directly alter expression of a gene (PGK1) in ^. cerevisiae. The complement ratio plots in Figures 2 and 3 demonstrate overall that the sense strand is slightly enriched for abundant oligomers, while the antisense strand is somewhat enriched for rare oligomers. This implies that codon usage is not as major a determinant of oligomer frequencies as it is in E^ coli DNA.
Codon Usage and Ordered Abundance Plots

